The measurement of humeral kinematics with a sensor on the humerus is susceptible to large errors due to skin motion artifacts. An alternative approach is to use data from a forearm sensor, combined with data from either a scapular or thoracic sensor. We used three tasks to assess the errors of these approaches: humeral elevation, elbow flexion and humeral internal rotation. Compared with the humeral method, the forearm methods (using either a scapular or thoracic sensor) demonstrated significantly smaller root mean square errors in humeral elevation and humeral internal rotation tasks. Although the errors of the forearm methods were significantly larger than those of the humeral method during elbow flexion, the errors of the forearm methods still were below 3°. Therefore, these forearm methods may be able to accurately measure humeral motion. In addition, since no difference was found between the forearm methods using the scapular or thoracic sensor, it may be possible to accurately assess both shoulder and elbow kinematics with only two sensors: one on the forearm and one on the scapula.
An accurate assessment of three-dimensional humeral kinematics is essential for the study of upper extremity biomechanics. However, because of the wide range of motion of the upper extremity, skin-based methods are susceptible to large errors associated with skin motion artifact. [1] [2] [3] Previous attempts to minimize these errors have relied on markers on the forearm to supplement those on the humerus. 1, 2 However, tracking the humerus directly may not be necessary. Bony landmarks required by the proposed International Society of Biomechanics (ISB) standard to define a humeral-based anatomical coordinate system can be determined from sensors on proximal and distal segments. While the distal segment would be the forearm, the proximal segment could be either the scapula or thorax, depending on whether the motion of the scapula would significantly alter the location of the center of the humeral head. The sensor on the forearm may provide more accurate measurement than the sensor on the humerus because there is less soft tissue around the forearm. The purpose of this study was to investigate the accuracy of three methods for tracking humeral kinematics: (1) using data from a sensor on the humerus, (2) using data from sensors on the forearm and scapula, and (3) using data from sensors on the forearm and thorax.
Methods
Fourteen subjects (7 male and 7 female; 22.6 ± 4.8 y; 68.1 ± 11.9 kg; 1.7 ± 0.1 m) without shoulder or elbow neuromuscular disorders were recruited for this study. Screening questions about the history and symptoms of shoulder and elbow problems were asked before testing. Anyone with a history of shoulder or elbow joint disorders was excluded. All subjects signed an informed consent form before participation. The study was approved by Office for Protection of Human Subjects at the University of Oregon.
Four magnetic tracking sensors (Polhemus Fastrak, Colchester, VT) were mounted on the thorax, scapula, humerus, and forearm ( Figure 1) . 4, 5 The accuracy of the tracking system, as reported by the manufacturer, is 0.15°. To test the accuracy and repeatability of the magnetic tracking system in our laboratory, we conducted a simple experiment in which two sensors at a time were rigidly mounted on a wood board. The board was placed on a wood table for four seconds to calculate the relative orientation of the two sensors with respect to each other. The board then was translated and rotated in the data collection space for 60 seconds. Errors were calculated as the difference between the angles during motion minus the average relative angles when the board was stationary on the error of all rotation angles for all sensors was -0.06° with the standard deviation of 0.20°. The scapular sensor was only used to calibrate and track the center of humeral head. The sensor was secured to the scapular tracker jig. The jig was attached to the spine of the scapula and acromial process. 6 Anatomic landmarks were palpated and digitized, using methods recommended by the ISB. 7 The thoracic anatomic coordinate system was derived from T8, xiphoid process, C7, and jugular notch. The forearm anatomic coordinate system was defined by ulnar styloid process, medial epicondyle and lateral epicondyle. Three different methods were used to determine the anatomic coordinate system of the humerus and investigated simultaneously. All methods followed the 2nd option of the humeral coordinate system in the ISB proposed standard. 7 For the first method, the so-called humeral method-s, humeral motion was recorded with the sensor on the humerus. The center of humeral head was calibrated by using the humeral sensor with respect to the scapular sensor with a least squares algorithm. After the center of humeral head was converted to the humeral sensor coordinate system, the center of humeral head, medial epicondyle and lateral epicondyle were the used to define the humeral rotational matrix. 5 For the forearm-s method, three virtual markers were generated in the calibration procedure: the elbow joint center and ulnar styloid process with respect to the forearm sensor, and the center of the humeral head with respect to the scapular sensor. The elbow joint center was determined by the rotation center of three active elbow flexion trials. The center of the humeral head was determined by the forearm sensor with respect to the scapular sensor, using a least squares algorithm. 6 During motion trials, these three local points were converted to the global coordinate system and were used to define the humeral rotational matrix. For the forearm-t method, the procedure of calibration and calculation was the identical to the procedure of the forearm-s method except that the center of the humeral head was calibrated by using the forearm sensor with respect to the sensor on the thorax, using a least squares algorithm ( Figure 1 ).
The protocol included three tasks: (1) Figure 2C ). For the humeral elevation and elbow flexion tasks, subjects were asked to keep their thumbs pointing upward to prevent pronation and supination. Maximum range of motion was performed for the humeral elevation and elbow flexion tasks. To maintain the humeral elevation in the scapular plane, the subjects were instructed to point their hands to a pole placed 2.5 m away from the subjects. For the humeral internal rotation task, the arm and elbow were secured with a splint in the scapular plane. The subjects rotated their arms around the hinge on the splint approximately 90°, which prevent the scapula from moving. A triaxial linear accelerometer (MSR Electronics GmbH, Henggart, Switzerland) was also used to measure the angles of humeral internal rotation with a sampling rate of 25 Hz, which was validated by the previous study. 8 The accelerometer was attached to the splint and just above the hinge to directly measure the rotation around the hinge ( Figure 2C ). The speed of the movements was control by a metronome. Humeral elevation was performed in four seconds while elbow flexion and humeral internal rotation were conducted in two seconds. Task order was randomized for each subject. Three trails were performed for each task. The data were average across the trials after they were interpolated in two-degree increments.
The average data were used for data calculations. For the humeral elevation and elbow flexion tasks, the accelerometer was not used because of concerns with soft tissue artifact. Errors from the joint that did not move in the task were calculated. Specifically, for the humeral elevation task, any changes of the elbow flexion angle were treated as errors, and for the elbow flexion task, any changes in humeral elevation were treated as errors. For the humeral internal rotation task, the measurement of the accelerometer was considered as the gold standard. Errors were calculated from the difference between the data of the magnetic device and those of the accelerometer. For all tasks, root mean square (rms) errors were calculated to summarize the data over an entire trial. A one-way analysis of variance (ANOVA) was used to analyze the difference between the errors of the three methods. The significant level was set at .05. Figure 1 -Sensor locations (marked by the arrows) and three virtual markers, GH: center of the humeral head, E: elbow joint center, W: ulnar styloid process. For the humeral method-s, GH, E, and W were with respect to the humeral sensor; for the forearm-s method, GH was with respect to the scapular sensor, and W, E were with respect to the forearm sensor; for forearm-t method, GH was with respect to the thoracic sensor, and W, E were with respect to the forearm sensor.
Results
In general, the rms errors of the forearm-s and forearm-t methods were smaller than those of the humeral method-s in both the humeral elevation and humeral internal rotation tasks ( Figure 3A and Figure 3C ). The forearm methods demonstrated slightly larger rms errors than those of the humeral method-s during the elbow flexion task ( Figure 3B ). There were significant effects of the different methods for all three tasks (F(2, 39) = 4.39, P = .019 for the humeral elevation task; F(2, 39) = 7.33, P = .002 for the elbow flexion task; F(2, 39) = 69.99, P < .001 for the humeral internal rotation). Post hoc comparisons with a Bonferroni correction indicated that there were no significant differences between the forearm-s and forearm-t methods for the three tasks, P > .05 (Figure 4 ). For the humeral elevation task, the errors of the forearm-s method were significantly smaller than that of the humeral method-s, P = .016 ( Figure 4) . The average errors of the elbow flexion task were less than 3° in all the three tasks but the errors of the forearm methods were significantly larger than that of the humeral method-s, P < .05 (Figure 4 ). For the humeral internal rotation task, the errors for the humeral method-s were on average 21.1°, and significantly differed from the forearm-s and forearm-t methods, which had average errors of 2.3° and 2.5° (Figure 4 ).
Discussion
The current study was designed to compare three methods for calculating the 3-dimensional orientation of the humerus. For the humeral elevation task, the humeral method-s demonstrated larger errors than both the forearm-s and forearm-t methods, presumably because of active contraction of the muscles around the shoulder. The humeral method-s also displayed larger errors during the humeral internal rotation task (21°, or 22% of the total range of motion), due to the clear under representation of this motion by the skin. This error is similar to the humeral axial rotation errors of 20-48% reported by Cutti et al 9 and the worst internal/external rotation error of 20% reported by Ludewig et al. 3 Using data from the forearm sensors, our results indicate the errors of the humeral internal rotation decreased to approximately 2.5°, or only 3% of total range of internal rotation. The errors of the forearm methods (3%) are better than the previous reported errors of 21-70% for the three rotations of the knee, 10 14-51% for the three rotations of the ankle, 11 6-15% for the three rotations of the scapula, 6 and 9-20% for humeral axial rotation in arm addiction position. 3 For the elbow flexion task, the forearm sensor was moving with the forearm, which may have contributed to the larger errors of the forearm methods. However, the average rms errors of the forearm methods were still small, below 3°. Therefore, placing a sensor on the forearm may still be a valid method for measuring elbow motion.
The only difference between the two forearm methods was that different sensors were used to track the center of the humeral head. A sensor on the scapula is typically used to locate this point. 6, 12 Previous researchers have calibrated the center of the humeral head with respect to a sensor placed on the thorax when scapular motion was not investigated. 13 We found no significant difference between these two methods for the three tasks studied. When the center of the humeral head is calibrated with respect to the thoracic sensor, the data from the thoracic and forearm sensors are sufficient to calculate humerothoracic motion. The forearm-t method could therefore be used when the scapular motion is not investigated. Due to the fact that the forearm-t method only included two sensors, it may be easier to be used for clinical applications.
For both forearm methods, because the real elbow anatomic rotation axis does not coincide with the axis of the landmark based coordinated system, the elbow motion may influence the measurement of the humerus. 14 To compensate for this influence, the current study used the rotation center of three active elbow flexions to define the humeral coordinate system instead of the midpoint between the lateral and medial epicondyles. This adjustment could decrease the errors caused by elbow flexion movement in the measurement of the humeral motion. However, the motion of elbow pronation/supination also affects the measurement of the humerus. The tasks in the current study did not involve pronation and supination motion. Therefore no adjustment for the pronation/ supination was applied to this present study. In future work involving elbow pronation/supination motion, the forearm methods could be adjusted with the compensation algorithm proposed by Cutti et al. 9, 15 We have presented a preliminary examination of a new method, the forearm methods, which may decrease the errors in the measurement of humeral motion. The limitations of the current study are that humeral bone motion was not measured as a gold standard, and that the measured tasks were very constrained and with the elbow splinted, which may affect the application to functional activities. Because the elbow was splinted in two tasks, the humeral sensor was placed on the proximal part of the humerus. Although the errors of the humeral-s method during humeral internal rotation task are similar to the errors of humeral axial rotation reported in the literature, it is possible that the errors of humeral axial rotation would be smaller if the humeral sensor was attached at the distal part of the humerus. However, when the experiment also allows for elbow motion, this distal placement may result in a substantial motion artifact as the elbow flexes. In addition, the subjects in this present study were young and not overweight. The errors of the methods may vary in different age, body weight or different tasks. Future work could involve studying the methods with bone-pin or biplanar x-ray measurements for both constrained and functional activities.
In summary, three methods of calculating the humeral coordinate system were compared: the first method used the data from the sensor on the humerus, the second method based on the data from the sensors on the forearm and scapula, and the third method was derived from the data of the forearm and the thoracic sensors. The forearm sensor may be able to offer an accurate representation of the humeral motion, especially for the humeral axial rotation, compared with the method with the sensor placed on the humerus.
